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ABSTRACT 

The  permeability  of  tvo  fine-pored  carbons  were  experimentally 
determined  as  a  function  of  the  mean  pressure,  temperature,  temperature 
gradient  and  gas  properties.  The  gases  used  in  the  investigation  were 
helium,  nitrogen,  argon  and  sulfur  hexafluoride.  It  was  found  that 
permeability  is  not  only  a  function  of  the  mean  pressure,  but  is  also 
dependent  on  the  inlet  pressure.  A  mean  temperature  increase,  however, 
was  found  to  decrease  the  permeability.  The  application  of  two 
previously  proposed  models  did  not  lead  to  an  accurate  prediction  of 
the  effect  of  gas  properties  on  the  flow.  A  new  correlation  which 
predicts  most  of  the  experimentally  determined  permeabilities  within 
7%  was  presented.  The  experimental  data  of  other  investigators  were 
also  shown  to  be  predictable  by  this  .correlation. 
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The  permeability  of  two  finc-pored  carbons  were  exner.imentally 
determined  as  a  function  of  the  mean  pressure,  temperature,  temperature 
gradient  and  gas  properties.  The  gases  used  in  the  iave-stigatiun  were 
helium,  nitrogen,  argon  and  sulfur  hexafluoride.  It  was  found  that 
permeability  is  not  only  a  function  of  the  moan  pressure,  but  is  also 
dependent  on  the  inlet  pressure.  Temperature  gradient  itself  did  not 
appreciably  affect  the  flow.  A  mean  temperature  increase,  hcRJever,  was 
found  to  decrease  the  permenbil?.ty.  The  application  of  two  previousiy 
proposed  models  did  not  lead  to  an  accurate,  prediction  of  the  effect  of 
gas  properties  on  the  flow.  A  nevi  correlation  which  predicts  most  oC 
the  experimentally  determined  permeabilities  vithin  7%  was  preseriLod. 
The  experimental  data  of  other  investigators  were  also  shoim  to  be 
predictable  by  this  correlation. 
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A  Cross  sectional  flow  area  of  the  porous  carbon  sample,  cm 

3  3 

A^  Porous  medium  constant,  cm  /min  or  cm  /sec 
a  Pore  radius,  cm 

2 

Porous  medium  constant,  cm 

0 

d  Pore  diameter,  cm 

2  2 

K  Permeability,  cm  /min  or  cm  /sec 

Porous  medium  constant,  cm 

k  Porous  medium  constant,  dimensionless 

k  Porous  medium  constant,  dimensionless 

0 

k^  Porous  medium  shape  factor,  dimensionless 

k^  Tortuosity,  dimensionless 

k*  Porous  medium  constant,  dimensionless 

Kn  Knudsen  number,  dimensionless 

L  Porous  carbon  dimension  in  the  direction  of  flow,  cm 

M  Molecular  weight,  gm/mole 

m  Mass  flow  rate,  gm/mln 

N  Nuniber  of  stacked  planes  in  Somerville's  model,  dimensionless 

p  Pressure,  in.  Hg  or  psia  or  atm. 

Q  Volume  flow  rate,  cm  /min 

R  Universal  gas  constant,  ■*  8.3147  x  10^,  ergs/*K-mole 

2 

S  Total  internal  pore  area,  c:\ 

T  Temperature, 

V  Mean  molecular  thermal  speed,  cm/sec 
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Greek  Letters 
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in  Refers  to  the  inlet 
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The  permeability  of  two  fine-pored  carbons. was  experimentally 
determined  as  a  function  of  the  mean  pressure,  temperature,  temperature 
gradient  and  gas  properties.  The  gases  used  in  the  Investigation 
were  helium,  nitrogen,  argon  and  sulfur  hexafluoride.  It  was  found 
that  permeability  is  not  only  a  function  of  the  mean  pressure,  bu^  is 
also  dependent  on  the  inlet  pressure.  Temperature  gradient  itself 
did  not  appreciably  affect  the  flow.  A  mean  temperature  Increase, 
however,  was  foxmd  to  decrease  the  permeability.  The  application  of 
two  previously  proposed  models  did  not  lead  to  an  accurate  prediction 
of  the  effect  of  gas  properties  on  the  flow.  A  new  correlation 
technique  which  predicts  most  of  the  experimentally  determined 
permeabilities  within  1%  was  presented.  The  experimental  data  of  other 
investigators  was  also  shown  to  be  predictable  by  this  correlation. 


CHAPTER  I 


INTRODUCTION 


1.1  Problem  Statement 

Fine*pored  carbons  possess  many  unique  properties  suitable 
for  a  variety  of  Industrial  applications.  For  example,  their 
mechanical  strength,  electrical  conductivity  and  permeability  to 
the  flow  of  gases  form  the  basis  for  their  use  as  fuel  cell 
cathodes.  The  power  density  of  a  fuel  cell  Is  dependent  on  the 
flow  rate  of  the  oxidant  gas  through  the  cathode  matrix.  Due  to 
the  heat  generated  In  the  fuel  cell,  a  temperature  gradient  usually 
exists  In  the  porous  carbon  cathode.  A  knowledge  of  the 
permeability  of  the  carbon  as  a  function  of  pressure,  temperature 
gradient  and  gas  properties,  therefore.  Is  of  primary  importance  In 
this  application. 

The  purpose  of  this  research  effort  is  the  experimental 
determination  of  the  effect  of  gas  properties  on  the  permeability 
of  fine-pored,  consolidated  carbons  under  Isothermal  and  non- 
Isothermal  conditions  The  effort  will  be  restricted  to  steady  flow 
situations. 

1.2  The  Porous  Carbon 

Due  to  the  complexity  rf  the  structure  of  consolidated, 
porous  carbons,  an  exact  characterization  of  the  medium  Is 
practically  impossible.  Some  measurable  carbon  characteristics, 
however,  have  been  found  to  have  a  direct  Influence  on  the  flow 
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phenomena.  These  Include  porosity,  total  Internal  surface  area, 
and  pore  sl2e  distribution <  Unconnected  pores  (voids)  and  dead- 
ended  pores  are  also  of  Importance. 

Mercury  porosimetry,  the  scanning  electron  microscope, 
and  absorption  tests  have  been  used  to  characterize  porous  media. 

In  the  mercury  porosimetry  technique,  mercury  is  forced  through  an 
evacuated  sample  of  the  porous  carbon  and  the  volume  of  the 
penetrated  mercury  is  measured  as  a  function  of  its  pressure. 

The  results  of  this  measurement,  together  with  certain  assumptions 
regarding  the  shape  of  the  pores  and  the  contact  angle  of  mercury 
In  the  pores,  lead  to  a  knowledge  of  the  sample's  pore  size 
distribution,  A  complete  description  of  the  mercury  porosimetry 
technique  which  is  the  most  widely-used  method  is  given  by  Orr  [1]. 
Inherent  errors  involved  in  relaclng  the  results  of  this  technique 
to  the  structure  of  the  sample  are  examined  by  Bickerman  [2]. 
Somerville  [3]  has  investigated  the  use  of  the  scanning  electron 
microscope  in  characterizing  porous  carbons,  and  compares  pore 
size  distribution  results  with  those  given  by  mercury  porosimetry. 

Physical  Aspects  of  Flow 

The  character  of  the  flow  of  gas  in  a  given  pore  depends 
on  Che  Knudsen  number,  Kn,  defined  as 

Kn  -  j  ,  (1.1) 

where  d  is  the  pore  diameter  and  X  is  the  mean  free  path  of  the 
gas  in  that  pore,  for  large  values  of  Kn  (larger  than  10), 
molecule-molecule  collisions  are  much  more  frequent  than  molecule-wall 
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collisions,  and  the  gas  may  be  treated  as  a  continuum.  In  this 
flow  regime,  the  important  gas  parameter  Is  the  viscosity.  At 
very  low  pressures,  where  molecule-molecule  collisions  may  be 
neglected  compared  with  molecule-wall  collisions,  the  Knudsen 
number  is  small  (less  than  C.Ol),  and  viscosity  loses  its  significance. 
In  this  regime,  known  as  the  free  molecular  regime,  the  average 
molecular  velocity,  v,  which  is  inversely  proportional  to  the  square 
root  of  the  molecular  weight,  becomes  important  to  the  flow 
phenomena . 

Between  these  two  extremes,  when  Kn  is  of  the  order  of 
unity,  transition  phenomena  occur  where  both  v  and  n  are  important. 

Near  continuum  transition  flows  are  also  known  as  slip  flows  where 
the  gas  may  be  treated  as  a  continuum  with  the  allowance  of  a 
finite  velocity  at  the  boundaries. 

In  a  porous  medium,  all  these  flow  regimes  may  be  realized 
in  parallel.  As  the  gas  pressure  decreases  through  the  medium  in 
the  direction  of  the  flow,  rarefied  gas  effects  become  more  and 
more  pronounced.  Any  realistic  flow  model  should  take  these 
variations  into  account. 

Physical  adsorption,  which  is  significant  at  low  temperatures 
and  high  pressures,  may  also  occur  in  a  porous  medium.  This 
phenomenon  may  affect  the  flow  of  the  gas  by  reducing  the  effective 
tires  available  for  the  flow  and  altering  the  nature  of  molecule- 


wall  interactions 


CHAPTER  II 


REVIEW  OF  PREVIOUS  WORK 


2.1  Introduction 

V 

The  problem  of  modelling  gaseous  flow  phenomena'  fine-pored 
carbons  is  twofold.  On  the  one  hand,  equations  for  the^  flow  of  the 
gas  applicable  o /er  the  entire  Knudsen  number  range  bust  be  written 
and,  on  the  other  hand,  the  proper  boundary  conditions  for  these 
equations  must  be  specified.  The  former  deals  with  the  gas  with 
specific  reference  to  the  variation  of  its  transport  properties 
with  the  Knudsen  number,  whereas  the  latter  involves  the  complex 
geometry  and  surface  characteristics  of  the  porous  material. 

In  the  limits  of  very  large  and  very  small  Knudsen  numbers, 
the  behavior  of  the  gas  is  fairly  well  understood.  For  large  values 
of  Kn,  the  Navier-Stokes  equations  are  applicable,  while  for  small 
Knudsen  numbers,  the  Maxwellian  distribution  function  leads  to  an 
adequate  description  of  the  gas. 

For  model  ate  values  of  Kn,  considerable  difficulties  are 
involved  in  the  formulation  of  solvable  equations  for  the  flow  of 
gases.  Although  this  is  a  matter  of  current  research,  several 
solutions  tor  simple  boundary  conditions,  such  as  the  one  given  by 
Cha  and  McCoy  (41,  are  available. 

Due  Lo  the  complex  structure  of  consolir’.ated  porous 
carbons,  an  exact  specitication  of  boundary  conditions  is  impractical, 
if  not  impossible.  Even  if  the  exact  structure  of  the  porous 
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material  were  known,  it  would  be  exceedingly  difficult  to  incorporate 
this  knowledge  with  the  flow  equations  systematically.  Consequently, 
the  classical  approach  of  using  appropriate  flow  equations  with  the 
necessary  boundary  conditions  to  solve  for  gaseous  flow  through 
porous  media  has  net  bt:eu  attempted. 

2.2  Available  Models 

To  date,  all  attempts  have  been  restricted  to  the  development 
of  simplified  models  for  the  carbon,  and  most  of  these  involve  the 
equations  for  gaseous  flow  in  tubes.  Various  models  have  been 
proposed  for  the  porous  medium  which  may  be  classified  as  follows: 
models  based  on  capillary  tube  bundles,  first  proposed  by  Adzumi  [5]; 
statistical  descriptions  of  the  porous  material  as  proposed  by 
Childs  and  Collis-George  [6];  and  the  "dusty  gas"  model  given  by 
Evans,  Watson  and  Mason  [7].  For  the  case  of  thermal  diffusion, 
where  a  mass  flux  is  obtained  by  imposing  a  temperature  gradient  on 
a  fine-pored  sample,  the  work  of  Lammers  [8]  which  is  based  on  the 
methods  of  irreversible  thermodynamics,  is  available. 

A  very  useful  quantity  in  the  study  of  gross  flov 
characteristics  through  porous  media  is  the  permeability,  K,  defined 
as  follows: 


where  p^^  is  the  arithmetic  mean  of  the  inlet  and  outlet  pressures, 
is  the  volume  flow  rate  at  p^,  A  is  the  sample  an.a,  Ap  is 
the  pressure  drop  and  L  is  the  sample  thickness.  At  a  given 
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tiiiDperature,  permeability  may  ba  thought  of  as  the  flow  per  unit 
sample  area,  per  unit  pressure  gradient.  In  general,  for  a  given  gas, 
permeability  would  be  a  function  of  Inlet  temperature,  temperature 
gradient.  Inlet  pressure  and  mean  pressure.  These  parameters, 
together  with  the  size  of  a  pore  and  the  viscosity  and  molecular 
weight  of  the  gas,  uniquely  determine  the  flow  regime  In  that  pore. 

With  particular  reference  to  fine-pored  carbons,  where  large 
and  small  Knudsen  numbers  may  be  encountered  simultaneously.  Carman 
and  Arnell  [9]  developed  a  model  for  the  permeability  based  on  the 
capillary  tube  concept.  Here,  permeability  Is  related  to  the  mean 
pres^iure,  temperature,  viscosity  and  the  mean  thermal  speed  of  the 
gas  molecules,  v,  as  follows: 


K 


V 


(2.2) 


where 


[8RT 

Um  , 


1/2 


^0  •  ^  » 
kS 


6e^ 


k*S 


cm 


cm 


(2.3) 

(2.Aa) 

(2  4b) 


2  2 

and  the  factors  k’  k^  k^  and  k  •  k^  k^.  The  quantity  k^,  known  as 
the  tortuosity  is  defined  as  the  ratio  of  the  actual  length  of  the 
path  a  typical  molecule  travels  through  the  porous  sample  to  the 
thickness  of  the  sample  6  is  a  varying  coefficient  allowing  for 
specular  reflection  of  molecules  from  the  pore  walls,  k^  is  a 
shape  factor  and  k^  is  the  Kozeny  constant. 
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As  implied  In  theii  definitions,  the  quantities  and  are 
dependent  on  the  porous  medium  alone.  The  former  Indicates  the 
contribution  of  the  viscous  portion  of  the  flow  to  the  total 
permeability,  and  the  latter  Indicates  the  contribution  of  the 
free  molecule  portion.  It  is  expected  that  Equation  (2.2)  will 
be  applicable  over  the  entire  Knudsen  number  range  in  the  case  of 
isothermal  flows. 

Regarding  the  models  In  which  a  statistical  or  probabilistic 
description  of  the  porous  medium  Is  attempted,  the  most  recent  and 
the  most  successful  one  is  that  proposed  by  Somerville  [3]. 

Here,  the  medium  Is  assumed  to  be  Isotropic,  l.e.,  the  pore  area 
distribution  on  any  plane  within  the  ma/erlal  Is  the  same.  Zero 
thickness  planes  having  this  characteristic  pore  area  distribution, 
inferred  from  mercery  porosimetry  tests,  are  then  conceptually  stacked 
one  behind  the  other  in  a  random  fashion  until  the  desired  flow 
resistance  of  the  porous  medium  is  achieved.  Thus,  an  effective 
pore  area  distribution  representative  of  the  sample  is  obtained  in 
which  the  influence  of  the  smaller  pores  is  considerably  greater 
than  that  cf  the  larger  ones  as  compared  with  the  original  pore 
area  distribution  on  a  plane. 

To  describe  the  effective  pore  area  distribution  mathematically, 
consider  the  cumulative  pore  area  distribution  on  the  surface  of 
the  porous  carbon.  This  distribution  ii5  denoted  by  4>^(a),  where  a 
is  the  radius  a  pore.  The  function  represents  the  fraction 

of  the  surface  area  occupied  by  pores  of  radius  a  or  larger.  If 
the  ratio  of  the.  total  pore  area  to  the  geometric  surface  area  is 
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denoted  by  0  ,  the  ratio  (a)/(^  represents  the  fraction  of  pores 
in  o  in 

on  the  carbon  surface  having  radius  a  or  larger. 

The  probability  that  a  gas  molecule  enters  the  s.^mple  through 
a  pore  of  radius  a  or  larger  is  given  by  4)^ (a).  The  probability 
that  the  same  gas  molecule  travels  through  N  stacked  planes,  each 
having  a  cumulative  pore  area  distribution  ifi»  given  by 

[♦.<•>/♦.]“  0-S> 

The  product  of  these  two  probabilities,  <|)(a),  given  by 

♦  (a)  -  4'o(a)[*^(a)/(t.J“  (2.6) 

is  then  the  probability  that  a  gas  molecule  enters  the  porous 
carbon  through  a  pore  of  radius  a  or  larger  and  passes  through  the  N 
stacked  planes*  The  function  (i)(a)  is  the  effective  pore  area 
distribution  of  the  sample.  It  is  also  a  mathematical  model  of  the 
medium  in  which  the  important  sample  properties  relevant  to  a  flow 
situation  are  imbedded. 

To  determine  the  pressure  drop  for  a  given  flow  rate,  Somerville 
used  the  equations  for  flow  in  capillary  tubes  for  continuum,  slip 
and  free  molecule  flow  depending  on  the  local  Kn.  The  equations, 
their  derivation  and  the  range  of  their  validity  are  given  by  Kennard 
[10].  It  is  further  assumed  chat  there  is  no  pressure  variation 
through  the  porous  medium  in  the  transverse  flow  direction  and  that 
the  slip  flow  equation  is  applicable  to  the  entire  transition  regime. 

The  differential  equations  which  result  from  combining  the  flow 
equations  with  the  porous  carbon  model  are  then  solved  numerically. 
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The  number  of  planes  required  to  simulate  the  porous  medium,  which  is 
the  only  adjustable  parameter  in  the  model,  is  determined  in  the 
solution  phase  by  a  trial  and  error  procedure,  where  the  calculated 
pressure  drop  is  matched  with  the  experimental  one. 

The  "dusty  gas"  model  of  Evans,  Watson  and  Mason  consists 
of  regarding  the  porous  medium  as  suspended  dust  particles  constrained 
in  space.  By  formally  treating  these  particles  as  giant  molecules, 
the  application  ox  kinetic  theory  results  in  a  solution  valid  over 
the  entire  Knudsen  number  range.  This  model  involves  three  experimental 
constants,  one  of  which  is  the  tortuosity. 

In  the  models  just  described,  the  phenomenon  of  physical 
adsorption  of  the  gas  to  the  pore  walls  has  been  tacitly  Ignored. 

This  problem  has  been  subjected  to  many  investigations  and  it  is 
shown  [11]  that  adsorption  may  affect  both  the  transient  and  steady 
flow  behavior  in  a  fine-pored  carbon. 

2.3  A  Critical  Review  cf  Available  Models 

The  Carman  and  Arnell  Equation  (2,2)  has  been  used  to 
correlate  porous  carbon  permeabilities.  Muclear  grade  carbons, 
for  example,  are  frequently  characterized  by  the  values  of  and 
obtained  from  flow  experiments >  Although  permeability  is  known 
to  be  very  sensitive  to  changes  in  pore  structure,  the  use  of 
Equation  (2.2)  to  deduce  such  information  can  lead  to  serious 
errors.  Grove  [12],  on  the  basis  of  existing  data,  discusses  these 
errors  and  concludes  that  the  application  of  the  Carman  and  Arnell 
model  does  not  lead  to  a  satisfactory  description  of  the  effect  of 
gas  properties  on  the  permeability  of  the  same  carbon  sample. 
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One  Important  implication  of  this  model  le  that  once  and 
are  determined  for  a  given  sample  and  flow  conditions,  the 
permeability  at  any  other  mean  pressure  can  be  calculated.  However, 
mean  pressure  alone  does  not  uniquely  specify  the  flow  condition; 
the  same  p^  may  be  obtained  either  by  a  high  inlet  pressure  and  a 
large  pressure  drop,  or  by  a  low  inlet  pressure  and  a  small  pressure 
drop.  The  flow  regimes  encountered  in  the  sample  in  these  two  cases 
may  very  well  be  different,  and  one  would  expect  a  corresponding 
change  in  the  permeabilities.  Therefore,  the  use  of  the  Jarman 
and  Arnell  model  should  be  restricted  to  a  fixed  inlet  or  outlet 
pressure.  Nevertheless,  some  investigators  have  found  the  model 
applicable  even  when  the  inlet  pressure  varied  (e.g.,  Hutcheon,  et 
al.,)  [13].  It  is  plausible  that  in  these  cases,  due  to  the 
distribution  of  pore  sizes,  inlet  pressure  variations  do  not  effect 
a  significant  change  in  the  flow  regimes. 

A  major  disadvantage  Inherent  in  the  Carman  and  Arnell 
equation  is  the  difficulty  involved  in  using  their  model  for  the 
prediction  of  permeabilities,  ij'or  example,  there  are  no  direct 
measurement  methods  for  some  of  the  parameters  Involved  in  and 
such  as  the  tortuosity,  and  the  shape  factor,  k^.  Only  by 
conducting  flow  experiments  can  k^  and  k^  be  determined. 

Somerville's  model  Includes  many  advantages  not  present 
in  any  other  model  to  date.  A  physically  meaningful  description  of 
the  porous  medium  is  given  and  all  the  Important  flow  parameters 
are  Incorporated  in  the  gas-porous  medium  interaction.  Different 
flow  regimes  are  allowed  to  occur  simultaneously  in  different 


ports  according  to  the  local  value  of  the  Knudsen  number.  Since  the 
entire  spectrum  of  the  mercury  penetration  curve  is  Included  in  the 
description  of  the  sample,  most  of  the  sample's  relevant  properties 
are  present  in  the  model.  As  a  result,  resort  to  flow  experiments 
is  required  for  the  determination  of  only  one  parameter  in  the 
model,  namely  the  number  of  stacked  planes  required,  N.  Once  N  is 
determined  for  a  particular  sample  and  gas,  the  model  may  be  used  to 
precict  permeabilities  as  a  function  of  inlet  pressure,  temperature 
gradient,  and  other  flow  parameters.  Other  information,  such  as  the 
distribution  of  presLure  and  the  fraction  of  flow  in  a  given  regime 
throughout  the  porous  sample,  may  easily  be  determined  [3]. 

In  the  "dusty  gas"  model  of  Evans,  Watson  and  Masoii,  the 
concept  of  tortuosity,  although  subject  to  serious  criticism, 
has  been  retained.  In  addition,  the  model  Involves  two  transport 
parameters  which  have  to  be  determined  by  flow  experiments.  Whether 
or  not  these  parameters  are  constants  has  not  been  fully  determined. 

2.4  Implications  of  Previous  Investigations 

In  many  Instances,  the  factors  B  and  K  in  the  Carman 

o  o 

and  Arnell  formulation  have  been  found  to  be  not  only  dependent 
on  the  porous  material,  but  also  on  the  gas  used  [12].  The  nature 
of  this  dependence  has  not  been  established.  In  the  case  of 
Somerville's  model,  since  all  the  correlations  were  done  with  a 
single  gas  (nitrogen),  it  is  not  known  whether  N  has  any 
relationship  with  the  properties  of  the  gas  used. 


The  effect  of  terjperature  has  been  investigated  by  Hutcheon, 
et  al.,  [13] »  but  the  effect  of  a  temperature  gradient  In  the  flow 
direction  has  not  been  fully  determined. 

Whether  dr  not  mean  pressure  alone  uniquely  establishes  the 
permeability  has  not  been  subjected  to  experimental  determination. 

The  separation  of  gao  and  porous  medium  properties  in  the 
formulation  of  ^y  modeT,  therefore,  must  involve  the  use  of  gases 
with  diverse  properties  and  the  same  porous  medium  sample  in  a 
consistent  experimental  program. 


CHAPTER  III 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

3.1  Introduction 

In  the  experimental  determination  of  the  Isothermal 
permeability  of  a  given  porous  carbon  for  a  given  gas,  the  volume 
flow  rate,  Inlet  pressure,  and  the  pressure  drop  must  be  measured. 

Tf  a  temperature  gradient  Is  also  present,  the  inlet  and  outlet 
carbon  surface  temperatures  must  also  be  known.  In  t^ is  chapter,  the 
apparatus,  the  characteristics  of  the  porous  carbons  and  the  gases, 
the  experimental  procedure,  and  the  errors  Involved  in  the  measurements 
will  be  discussed. 

3.2  The  Apparatus 

The  apparatus  used  In  this  study  was  originally  designed  and 
built  by  Somerville  [3].  To  appreciate  the  nature  and  function 
of  the  hardware  Involved  In  the  experiment.  It  Is  best  to  follow 
the  flow  path  of  the  gas  conceptually.  A  schematic  diagram  of  the 
overall  set-up  is  shown  In  Figure  1  for  this  purpose. 

After  the  gas  supply  pressure  Is  adjusted  with  the  two 
pressure  regulators,  it  flows  through  a  calibrated  rotometer  where 
the  flow  cate  is  measuced  Then  the  gas  enters  the  test  cell  where 
it  is  forced  through  he  porous  sample.  The  Inlet  pressure  and  the 
pressure  drop  across  thj  sample  are  measured  by  mercury  manometers. 

The  throttle  vaUe  immediately  downstream  of  the  test  cell  allows 
the  adjustment  of  the  flow  rate  without  affectin'/  the  inlet 
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pressure.  The  gas  subsequently  flews  through  a  calibrated  nozzle 
where  the  flow  rate  may  be  measured  again.  The  agreement  between 
the  two  flow  rates,  measured  by  the  rotometer  and  the  nozzle, 
Indicates  that  the  flow  is  steady.  The  gas  Is  finally  discharged  to 
the  atmosphere  through  the  vacuum  pump. 

The  rotometer  and  the  nozzle  were  calibrate.!  for  all  the 
gases  Involved  in  the  experiment  by  using  a  water  displacement 
technique.  To  determine  the  temperature  gradient,  the  temperatures 
of  the  carbon  on  the  inlet  and  outlet  surfaces  were  measured  by  the 
by  the  combination  of  a  radiometer,  and  four  fixed  and  two  sliding 
front-surfaced  mirrors.  The  temperature  gradient  was  imposed  by  a 
disk-shaped  electric  heater  on  the  hot  side,  and  an  aluminum  water 
jacket  on  the  cold  side  of  the  porous  carbon  sample.  The 
cons ttuc clonal  details  of  the  test  cell  are  shown  iu  Figurt  2  The 
sodium  chloride  crystal  windows  which  are  mounted  on  the  body  of 
thee -.11  allow  the  passage  of  the  radiation  from  the  sample  surface 
to  th«  minors  The  sliding  miners  allow  the  radiometer  to  view 
the  two  sides  of  the  porous  :arbon.  A  thermocouple  was  buried  in  the 
hot  sutfa;€  oi  the  tarbon  The  temperature  indicated  by  this 
thermocouple  provided  a  check  cn  the  radiometer  reading.  Two  other 
•ihermoco  iples,  one  cn  the  heater  surf  ace  and  the  other  on  the  water- 
cooled  jacket  were  al  =  c  installed.  A  photop’^aph  of  the  assembly  is 
given  by  Somerville  [3], 

Two  rotometer 3  consisting  of  Matheson  tubes  600  and  601 
with  dual  floats  were  used  throughout  the  experiments  The  nozzle 
was  built  ct  sapphire  by  Richard  H.  Bird  and  Company  with  a  throat 
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diameter  sf  0.015  inch.  The  radiometer  was  the  8RT1  model  manufactured 
by  Barnes  Engineering  Company,  and  it  was  calibrated  with  a  black 
body  reference  source.  The  calibration  Incorporated  the  mirrors  and 
the  sodium  chloride  windows  which  were  present  in  actual  carbon 
surface  temperature  measurements.  All  thermocouple  junctions  were 
made  of  0  005-lnch  chromel  and  alumel  wires  with  glass  insulation. 

3 . 3  The  Porous  Samples 

Two  different  porous  carbons  were  used  in  this  investigation. 
They  are  both  fuel  ceil  grade  carbons,  denoted  by  the  prefix  "FC." 

They  are  identified  as  FC-01  and  FC-25  by  Pure  Carbon  Company,  the 
supplier.  Each  sample  was  machined  into  a  disk  2  3/4  inches  in 
diameter  and  1/2  inch  in  thickness.  To  assure  that  flow  occurred 
only  in  the  axial  direction,  the  samples  had  to  be  sealed  radially 
around  the  periphery  of  the  disks  This  was  accomplished  by  cementing 
a  :eramic  ring,  0,125  inch  in  thickness,  to  the  sample.  On  the 
cold  side  of  ths  -arb:n,  a  layer  of  epoxy  was  added  between  the 
sample  ard  the  ring  to  assure  that  nc  flow  would  occur  in  the  cement 
S-bsequently ,  the  samples  were  glued  to  a  rubber  gasket.  This 
piotedjie  resulted  in  a  cross  sectional  flow  area  of  4, Cl  squared 
inches  cn  the  sample.  The  resulting  sample  assembly  was  then 
sandwiched  between  the  heater  and  the  water-cooled  jacket  by 
tightly  screwing  the  heater  co  the  jacket  with  the  sample  assembly 
in  between  as  shown  in  Figure  2. 

Micrometries  Instrument  Corporation  performed  mercury 
porosimetry  tests  on  smaller  carbon  samples  of  FC-01  and  FC-25 
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which  were  obtained  from  the  same  block  of  carbons  from  which 
the  test  samples  were  machined.  The  resulting  mercury  penetration 
curves  are  shown  in  Figures  3  and  4. 

3.4  The  Gases 

Four  gases  were  chosen  for  the  experimental  investigation. 
These  are  helium,  nitrogen,  argon  and  sulfur  hexafluoride.  They 
cover  a  wide  range  of  molecular  weights  and  viscosities  and  are 
all  inert  and  non-toxic  at  ordinary  temperatures.  Some  of  the 
properties  of  these  gases  at  a  temperature  of  288°K  are  given  in 
Table  1. 


Table  1 


Properties  of  the  Gases  Used  in  the  Investigation 


Gas 

Molecular  Weight 

Viscosity  x  10^ 
gm/cm-sec 

Mean  Free  Path  x  10^ 
cm 

Helium 

4 

194 

18.62 

Nitrcgen 

28 

173 

6.28 

Ar  gon 

40 

220 

6.66 

Sulfur 

146 

149 

2.42 

Hexafluoride 

Helium,  nitrogen  and  argon  are  well-known  ideal  gases  at 
the  pressures  and  temperatures  encountered  in  this  investigation r 
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Mercury  Porosimetry 


Results  of  the  Mercury  Poros 
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The  compressibility  t actor,  Z,  for  sulfur  hexafluoride,  given 
by 


has  a  value  of  0.981  at  a  pressure  of  1  atm.  and  a  temperature  of 
298'’K.  Therefore,  the  error  Involved  In  using  the  Ideal  gas 
equation  of  state  In  determining  the  density  of  this  gas  under  these 
conditions  is  less  than  2%. 

3.5  Experimental  Procedures 

Before  the  actual  flow  tests  were  executed,  the  two  samples 
were  tested  for  radial  leakage.  At  the  highest  pressure  drop 
encountered  during  the  flow  ^ests  no  radial  leakage  was  obser>»ed. 

A  typical  experiment  consisted  of  installing  the  sample  assembly  In 
the  test  cell  as  shown  in  Figure  2.  The  test  cell  was  then  closed 
and  the  inlet  and  outlet  tubes  were  connected.  The  entire  system 
was  then  evacuated  to  a  pressure  of  about  4  in.  Hg  absolute  by 
starting  the  vacuum  pump,  clcsing  the  valve  upstream  of  the  rotometer 
and  opening  the  downstream  throttle  valve.  The  system  was  kept  under 
an  evacuated  condition  for  about  one  hour  to  assure  the  desorption 
of  foreign  gases  from  the  porous  carbon.  Gas  was  then  admitted  to 
the  system.  The  heater  voltage  and  the  flow  rate  of  cold  water  in 
the  jacket  were  adjusted,  and  the  inlet  pressure  was  fixed  at  30  in.  Hg 
absolute.  The  system  was  allov^d  to  run  at  the  highest  gas  flow 
rate  until  steady  flow  was  achieved.  The  pressure  drop  across  the 
sample,  the  flow  rate,  and  the  hot  and  cold  carbon  surface  temperatures 
were  then  recorded-  This  measurement  procedure  was  repeated  for  the 
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same  inlet  pressure  and  temperature  conditions  of  the  sample  under 
different  flow  rates.  At  each  flow  rate  setting,  which  was  accomplished 
by  the  adjustment  of  the  downstream  throttle  valve,  the  system  was 
allowed  to  reach  steady  state. 

The  entire  procedure  outlined  above  was  repeated  for  the 
four  gases  and  the  two  carbon  samples.  Except  for  sulfure 
hexafluoride,  each  gas  was  run  under  zero,  positive  and  negative 
temperature  gradient  conditions.  The  negative  temperature  gradient 
was  achieved  by  simply  reversing  the  direction  of  the  flow  through  the 
test  cell.  Due  to  the  uncertainty  regarding  the  chemical  stability 
of  sulfur  hexafluoride  at  high  temperatures,  positive  and  negative 
temperature  gradient  conditions  were  not  attempted  tor  this  gas. 

3.6  Measurement  Errors 

Considering  the  instrumentation  and  the  reproducibility 
of  data  in  the  calibration  of  the  rotometers  and  the  radiometer, 
the  certainty  regarding  the  measured  parameters  may  be  estimated. 

The  errors  Involved  in  the  flow  rate  measurements  by  the  rotometer 
are  twofold.  One  Involves  th€  reproducibility  of  data  which  was 
determined  during  calibration,  while  the  other  involves  the  accuracy 
with  which  the  position  of  the  floats  in  the  flowmeter  tubes  can  be 
read.  Thus,  in  the  case  of  the  flow  of  argon  in  the  Matheson  600 
tube,  at  a  flow  rate  of  40  standard  cc/mln,  the  error  involved  in 
reading  the  position  of  the  floats  leads  to  an  uncertainty  which  is 
less  than  0.3  standard  cc/min  in  the  flow  rate.  At  flow  rates 
about  3  standard  cc/min,  this  uncertainty  decreases  to  about  0.2 
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standard  c'./inln.  The  reproducibility  of  calibration  points  was 
found  to  be  excellent  In  both  high  and  low  flow  rates. 

The  uncertainties  in  the  measurement  of  temperelure  by  the 
radiometer  are  of  a  more  complex  nature.  These  include  the  assumption 
that  the  emlsSlvity  of  the  carbon  surfaces  in  the  test  cell  is 
unity.  Moreover,  errors  are  Involved  in  the  reduction  of  radiometer 
data  from  the  net  voltage  output  of  the  radiometer  electronics 
unit  to  a  final  value  for  the  temperature.  This  procedure  is 
outlined  in  detail  by  Somerville  [3].  By  considering  all  the  factors 
involved,  the  temperature  measurements  are  estimated  to  be  within 
2%  of  their  true  values  on  the  Kelvin  scale. 

Since  all  the  crucial  pressure  measurements  were  taken  from 
mercury  manometers,  the  only  error  which  may  be  of  significance 
is  the  readability  of  the  level  of  mercury.  The  resulting  error  is 
within  0.1  in^  Hg. 


CHAPTER  IV 


EXPERIMENTAL  RESULTS 


The  inlet  pressure  for  all  the  flow  experiments  was  kept 
constant  at  30  in.  Ug  absolute.  At  room  temperature,  therefore, 
the  Inlet  volume  flow  rate,  which  is  measured  on  the  upstream 
side  of  the  carbon  sample,  and  the  pressure  drop,  Ap,  uniquely 
determine  the  permeability  for  a  given  gas.  Assuming  that  the 
densities  of  all  the  gases  are  given  by  the  ideal  gas  relation 


(4.1) 


the  mass  flow  rate  can  be  easily  determined  as  follows: 


•  (^-2) 

For  the  FC-01  carbon,  the  mass  flow  rate  of  argon  as  a 
function  of  the  pressure  drop,  under  zero,  positive  and  negative 
temperature  gradient  conditions  is  shown  in  Figure  5.  Even  though 
this  cazbon  sample  has  very  fine  pores,  and  the  free  molecule  flow 
regime  is  expected  to  occur  through  most  of  tha  sample,  the  temperature 
gradient  itself  did  not  seem  to  affect  the  flow.  This  is  evidenced 
by  the  coincidence  of  the  positive  and  negative  temperature  gradient 
flow  values  in  Figure  5.  This  effect  was  observed  in  the  results 
of  all  the  flow  experiments.  The  observed  decrease  in  the  mass 
flow  rate  in  the  presence  of  a  temperature  gradient  is  totally 
attributed  to  the  depex^dence  of  gas  properties  on  temperature  in  that 


Figure  5 
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a  mean  temperature  Increase  reduces  the  density  and  Increases  the 
viscosity  of  the  gas. 

The  lack  of  an  observable  effect  due  to  the  temperature 
gradient  Is  predictable.  Even  if  free  molecule  flow  Is  the  dominant 
flow  regime  In  these  carbons,  the  flow  rates  due  to  the  pressure 
drops  are  so  high  that  the  contribution  of  thermal  diffusion  becomes 
negligible. 

In  flow  studies  through  porous  media,  It  Is  customary  to 
present  the  data  In  the  form  of  permeability,  K,  as  a  function  of 
mean  pressure,  P^.  From  the  definition  of  permeability  In 
Equation  (2.1)  and  the  value  of  the  Inlet  pressure,  such  a  graph  Is 
easily  obtainable  from  the  experimentally  measured  parameters.  For 
the  flow  cf  argon  In  FC-01,  this  Is  shown  In  Figure  6. 

The  existence  of  a  permeability  which  Is  Independent  of 
the  mean  pressure,  as  In  the  present  case,  Is  evidence  that  free 
molecule  flow  Is  the  dominant  flow  regime.  In  general,  If  the  Inlet 
pressure  la  kept  constant,  the  shape  of  the  permeability  versus  mean 
pressure  curve  Indicates  the  flow  regime  which  has  the  most 
Influence  on  the  gross  characteristics  of  the  flow.  These  are 
discussed  In  detail  by  Grove  [12]. 

For  the  flow  of  argon  in  FC-23,  mass  flow  rate  as  a  function 
of  pressure  drop,  and  permeability  as  a  function  of  mean  pressure 
are  shown  In  Figures  7  and  8,  respectively.  Due  to  the  exls*:ence  of 
larger  pores  In  FC-25,  for  a  given  pressure  drop  the  flow  rates  are 
higher  than  those  in  FC-01.  A  corresponding  Increase  In  the 
permeability  Is  also  observed.  As  before,  temperature  gradient 
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Itself  does  not  have  any  appreciable  effect  on  the  flow.  In 
contrast  with  flow  In  FC-01,  permeabilities  show  a  definite  rise  with 
mean  pressure  Increase,  indicating  the  Influence  of  continuum  flow. 

The  flow  characteristics  of  argon  in  the  two  carbons  are 
more  or  less  typical  of  those  of  the  other  gases  examined,  as  evidenced 
by  the  flow  rate  versus  pressure  drop  curves  in  Figure  9  for  the  FC-25 
carbon.  The  reduced  experimental  data  for  all  the  flow  experiments 
(helium,  nitrogen,  argon  and  sulfur  hexafluoride)  are  presented  in  the 
Appendix. 

The  isothermal  permeabilities  for  the  flow  of  aV  '\e  gases 
through  FC-01  and  FC-25  are  shown  in  Figures  10  and  11,  respectively. 

In  the  case  of  the  flow  of  nitrogen  in  FC-01,  Somerville  [3]  reports 
a  permeability  which  rises  with  the  mean  pressure  increase.  Since 
he  conducted  his  experiments  under  varying  inlet  pressure  conditions, 
it  is  concluded  that  mean  pressure  alone  does  not  uniquely  define 
the  permeability.  This  conclusion  is  consistent  with  the  observation 
that  different  flow  regimes  may  exist  with  the  same  mean  pressure. 

Thus,  the  observed  ris€:  in  the  permeabiH*-*-  In  the  case  of  Somerville’s 
data  is  totally  attributed  to  inlet  pressure  variations. 

At  a  mean  pressure  of  0.7  atm.  and  room  temperature,  the 
viscosities,  molecular  weights  and  the  Knudsen  numbers  based  on  the 
median  pore  diameters  of  the  two  carbons  are  given  it.  Table  2.  By 
noting  that  the  important  gas  parameter  for  high  Knudsen  number 
flows  is  the  viscosity,  and  for  low  Knudsen  number  tlows  is  the 
molecular  weight,  the  qualitative  behavior  of  the  gases  in  the  two 
porous  carbons  as  shown  in  Figures  10  and  11  can  be  appreciated. 


Flow  Rate 


Helium 


Nitrogen 


^  Sulfur 

Hexaf luoride 
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The  FC-01  permeabilities  Increase  with  decreasing  molecular  weights, 
further  verifying  the  domlnoDce  of  free  molecular  phenomena.  The 
relative  shift  of  the  argon  and  sulfur  hexafluoride  permeabilities 
in  FC-25  clearly  indicates  the  influence  of  the  low  viscosity  of  the 
latter,  signifying  the  relative  importance  of  continuum  phenomena. 

Table  2 

Significant  Gas  Parameters  in  Flow  Through  FC-01  and  FC-25 
at  Room  Temperature  and  0*7  atm.  Pressure 


Gas 

Molecular  Weight 

Viscosity  X  10^ 
gm/cm-sec 

Knudsen  Number 
FC-01  FC-25 

Helium 

4 

Nitrogen 

28 

Argon 

40 

Sulfur 

146 

Hexafluoride 

194 

1.40 

4.62 

173 

4.02 

13.20 

220 

3.90 

12.80 

149 

10.70 

35.10 

A  detailed  examination  of  the  effect  of  gas  properties  on 
the  permeability  of  FC-01  and  FC-23  is  the  subject  of  the  next 
chapter. 


CHAPTER  V 


DEPENDENCE  OF  PERMEABILITY  ON  GAS  PROPERTIES 

5.1  Introduction 

PeriLeablllty  Is  a  measure  of  the  flow  rate  per  unit  sample 
area  per  unit  pressure  gradient.  It  is  not  a  porous  medium  property. 
As  a  result,  the  thermodynamic  and  transport  properties  of  the  gas  and 
some  unknown  properties  of  the  porous  carbon  all  constitute  the 
variables  on  which  permeability  depends.  The  determination  of  the 
relationship  between  the  gas  properties  and  the  permeability  will  be 
discussed  In  this  chapter. 

5.2  Application  of  Existing  Models 

The  most  widely  used  model  in  permeability  determinations 
is  the  one  developed  by  Carman  and  Arnell  and  given  as 

B  . 

K--^p  +4kv  .  (2.2) 

ri  *^m  3  o 

B 

On  a  permeability  versus  mean  pressure  curve,  —  is  the  slope  and 
4 

V  is  the  K-intercept.  As  pointed  out  in  Chapter  II,  and 
are,  presumably,  porous  mediun*  properties  alone.  The  success 
of  the  model  lies  in  the  accuracy  with  which  experimentally  determined 
values  of  and  tor.  one  gas  may  be  used  to  predict  permeabilities 
for  other  gases. 

These  two  parameters  were  calculated  from  experimentally 
determined  isothermal  permeabilities  for  helium,  nitrogen,  argon 
and  sulfur  hexafluoride  in  FC-01  and  FC-25.  These  values  are  given 
in  Tables  3  and  Hutcheon,  et  al. ,  [13],  working  with  fine-pored 
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Table  3 


Values  of  B  and  K  for  FC-01 
0  0 


Gas 

K  ,  cm 

0 

Helium 

-13 

5.7  X  10 

1.05  X  10"^ 

Nitrogen 

0 

1.92  X  10"^ 

Argon 

0 

1.28  X  10"’' 

Sulfur 

Hexafluoride 

0 

1.66  X  10"^ 

Table  4 

Values  of 

B  and  K  For  FC-25 

0  0 

Gas 

B  ,  cm^ 

0 

K  ,  cm 

0 

Helium 

8.48  X  10'^^ 

2.11  X  10"^ 

Nitrogen 

5.68  X  10"^^ 

3.14  X  10"^ 

Afgon 

4.58  X  10"^^ 

2.21  X  10"^ 

Sulfur 

Hexafluoride 

5.53  X  10"^^ 

1.93  X  10"^ 
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carbons,  calculated  the  values  for  B  and  K  from  flow  data.  Their 

o  o 

reported  numbers  are  of  the  same  order  of  magnitude  as  those  in 
Tables  3  and  4.  For  the  present  study,  although  the  order  of 
magnitude  of  B^'s  and  K^'s  are  the  same  for  a  given  carbon,  in  some 
cases,  there  is  significant  variation  from  gas  to  gas.  Thus,  the 
present  results  imply  that  characterisation  of  fine-pored  carbons  by 

and  K  alone  is  not  adequate.  In  cases  where  variations  of  these 
0  0 

parameters  are  observed  depending  on  which  gas  is  used,  their 
relationship  with  the  gas  properties  is  not  known. 

In  the  application  of  Somerville's  model  [3],  the  only 
parameter  to  be  determined  experimentally  is  the  number  of  zero 
thickness  planes  that  need  to  be  stacked,  one  behind  the  other,  to 
obtain  the  experimentally  observed  pressure  drop  for  a  given  rate  oi 
flow.  These  numbers  were  determined  by  a  trial  and  error  procedure 
from  Somerville's  computer  solution  and  are  given  in  Table  S  for  flow 
ir.  FC-25. 

Table  5 


Values  of  N  Using  Somerville's  Model  for  FC-25 


Gas 

Helium 

Nitrogen 

Az  gon 

Sulfur 

Hexafluoride 

N 

15.5 

13.0 

14.5 

13.5 
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Contrary  to  Somerville's  findings,  permeability  was  found  to 
be  a  highly  sensitive  function  of  N.  In  the  light  of  this  observation, 
although  the  values  of  N  given  In  Table  5  are  not  too  far  apart  the 
use  of  the  same  N  to  predict  permeabilities  for  different  gases  can 
lead  to  seriously  erroneous  results.  For  example.  In  the  case  of 
flow  of  argon  In  FC-25,  an  Increase  of  3*4%  In  N  In  the  computer 
solution  decreases  the  predicted  permeability  by  as  much  as  7.4%. 

Thus,  N  Is  also  dependent  on  the  gas  used.  However,  after  this 
parameter  Is  determined  for  a  given  gas  and  porous  material,  It  can 
be  successfully  used  to  predict  the  permeability  under  different 
flow  conditions. 

5.3  A  New  Experimental  Correlation 

The  complex  structure  of  consolidated  fine-pored  carbons 
can.  In  general,  support  continuum,  transition  and  free  molecule 
flow  simultaneously.  As  evidenced  from  the  permeability  results 
given  In  Figures  10  and  11,  the  predominant  flow  regimes  in  FC-01 
and  FC-25  carbons  can,  at  best,  be  classified  as  transition  flows- 
Although  the  exact  determination  of  the  functional  relationship 
between  the  gas  properties  and  the  permeability  Is  a  matte:  ol 
considerable  difficulty,  some  physical  and  Intuitive  arguments  as 
to  the  expected  nature  of  this  dependence  may  be  of  value. 

In  the  transition  regime,  the  frequency  of  molecular 
collision  Is  of  the  same  order  of  magnitude  as  that  of  molecule- 
wall  collisions.  Thus,  apart  from  the  thermodynamic  properties, 
the  viscosity  and  the  mean  thermal  speed  become  the  two  interacting 
gas  parameters  on  which  the  permeability  should  depend.  In  the 
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limit  of  high  Knudsen  numbers,  the  higher  the  viscosity,  the  lower 
the  permeability.  For  very  low  Knudsen  numbers,  viscosity  Is  not 
Important  and  one  would  expect  the  permeability  to  be  a  monotonlcally 
Increasing  function  of  v. 

At  a  mean  pressure  of  0.7  atm.  and  room  temperature,  the 
viscosities,  mean  molecular  speeds,  permeabilities  and  the  Knudsen 
numbers  based  on  the  median  pore  diameters  of  the  two  carbons  are 
g..v'en  In  Table  6.  Examination  of  the  gas  and  flow  parameters  given 
In  Table  6  for  the  two  carbons  and  the  four  gases  can  lead  to  a 
better  physical  understanding  of  the  flow.  For  flow  In  the  FC-Ol 
carbon,  due  to  the  small  Knudsen  numbers,  the  free  molecular  regime 
Is  expected  to  be  more  predominant.  This  conclusion  Is  further 
verified  by  the  fact  that  the  permeabilities  Increase  with  Ini^reaslng 
mean  molecular  speeds.  However,  the  permeabilities  are  not  directly 
proportional  to  v  as  one  would  expect  In  a  purely  free  molecular 
flow.  The  lack  of  this  piopcrtlonallty  Is  attributed  to  the  variations 
In  the  viscosities  ol  the  four  gases,  indicating  the  simultaneous 
presence  of  continuum  phenomena.  In  the  case  of  the  FC-23  carbon, 
due  to  the  larger  Knudsen  numbers,  the  Influence  of  continuum 
effects  is  more  pronounced  For  helium,  nitrogen  and  argon  the 
permeabilities  increase  with  Increasing  mean  molecular  speeds . 

However,  the  permaabllity  of  FC‘-25  to  sulfur  hexafluoride  does  not 
follow  this  trend.  This  effect  Is  clearly  due  to  the  low  viscosity 
of  this  gas.  Thus,  the  flow  of  helium,  nitrogen,  argon  and  sulfur 
hexafluoride  is  best  characterized  as  transition  flow  In  both  pcrous 
carbons,  and  v  and  n  both  have  a  significant  Influence  on  the 
permeability. 


Table 
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The  physical  phenomena  just  described  also  suggest  a  technique 

for  correlatlnf  the  experimental  permeabilities  as  a  function  of 

the  gas  properties.  In  all  cases.  Increasing  ^e  viscosity  decreases 

the  permeability,  while  Increasing  the  mean  molecular  speed  Increases 

the  permcsblllty.  This  observation  suggests  that  the  product  of 

K,  ri  and  v  would  probably  correlate  with  a  significant  gas  parameter, 

such  as  the  molecular  weights  However,  Instead  of  dealing  with  the 

product  nv,  consider  the  mean  free  path,  X  ,  evaluated  at  the 

m 

Inlet  pressure  and  the  mean  temperature.  For  a  hard  sphere  molecular 
model,  Is  given  by 


m  P 


n_ 

In 


fTTRT 

•T 

Im” 


.1/2 


4P 


nv 


(sa) 


In 


In  addition  to  containing  the  two  parameters,  n  and  v,  the  mean  free 
path  Is  Inversely  proportional  to  the  Knud^en  number  [Equation  (11)] 
which  Is  of  direct  significance  In  flow  through  flne~pored  media. 


Thus,  It  Is  expected  that  X^K  will  correlate  with  the  moleculex 


weights  of  the  gases. 

For  flow  la  FC-?5,  a  log-log  plot  of  X^K  versus  the  molecular 
weights  of  helium,  nitrogen,  argon  and  sulfur  hexafluoride  is  shown 
In  Figure  12.  The  points  shown  correspond  to  a  mean  pressure  of  0.6 
and  0.9  atm.  for  zero,  positive,  and  negative  temperature  gradients < 
Since  the  points  for  a  given  mean  pressure  appear  to  fall  on  a 
straight  line,  it  can  be  Inferred  that 


M 


,OL 


m 


> 


(5.2) 
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where  is  a  function  of  the  carbon  and  the  mean  pressure,  while 
a  is  porous  carbon  dependent  only.  It  is  further  indicated  that  the 
effect  of  temperature  can  be  easily  taken  into  account  by  a  mean 
temperature  correction  in  Che  A  cerm. 

A  similar  curve  for  flow  in  FC-01  is  given  in  Figure  13. 

Since  mean  pressure  does  not  have  a  significant  effect  on  the 
permeabilities,  all  the  experimental  points  of  Figure  10  collapse 
on  the  same  point  in  Figure  13.  Unlike  the  flows  in  FC-25,  a 
mean  temperature  rise  increases  A^K  for  the  same  .  ‘n  FC-01. 

Since  FC-Oi  is  a  particularly  fine-pcred  sample  ot  graphite  structure, 
this  effect  could  be  due  to  the  blockage  of  pores  as  a  resulr.  of 
adsorption.  The  same  phenomenon,  if  it  is  in  fact  present,  can 
explain  the  unexpectedly  low  for  sulfur  hexafluoride  Dee  to 
larger  molecular  si2e  cf  sulfur  hexafluoride,  the  blockage  ot  p. res 
due  to  Its  adscrptlcn  is  more  appreciable. 

Table  ’’  gic-es  the  resulting  values  of  and  a  for  the  two 
•.arbens.  The  value  ot  A_  for  FC-25,  as  noted  in  the  tab'..e,  is  net 
only  a  function  of  the  mnan  pressure,  but  is  also  dependent  or.  the 
pressure  and  temperature  ondttions  chosen  for  A^.  The  expeuent  u, 
however,  seeuvs  to  be  i  lunction.  ot  the  porous  material  alone, 
ir  respec t  i V ?f.  the  and  temperature  conditions.  Hence, 

It  IS  expected  that  the  permeability  ot  any  other  gas  in  FC-Oi  and 
FC-25,  under  .ouditions  not  too  far  removed  from  those  given  in 
Figures  12  and  j..3>  may  be  calculated  from  the  A  ’s  and  a’s  given  in 
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Carbon 

Pm 

* 

*  0.6 

cc/min 

Pm 

-  0.9 

a 

FC-01 

7.2 

o 

1 

tn 

7.2 

X  lo'^ 

-0  86 

FC-25 

1  94 

”4 

X  10 

00 

CM 

-4 

X  10 

-0.  ?  ’ 

^ ^  P^opcsed  CorrelaLion  Applied  to  Other  Data 

Barrer  and  Str3:han  (11)  report  their  experimentally  determined 
permeabii ities  for  the  flov;  of  hydrogen,  helium,  nitrogen,  neon, 
argon  and  krypton  in  tompacted  Caiboiac  carbon  powder  at  low 
pressures,  under  isothermal  conditions  at  298‘^K.  Their  reported 
permeabilities  do  not  show  a  significant  variation  with  the  m<=  an 
pressure,  inditating  the  influence  of  tree  molecular  phenomena. 

The  applicaticn  oi  the  Carman  and  Arnell  equation 


K 


4 

p  +  ~  K  V 
3  0 


'2  2) 


implies  that  »  0 .  Thus,  it  is  expected  that  a  plot  of  K  versus  v 

for  all  the  gases  in\/olved  would  result  in  a  straight  line,  with 
4 

•y  as  the  slope.  Such  a  plot  is  shown  in  Figure  lu.  This  tiguie 
implies  that  no  matter  how  is  related  to  the  more  familia/i 
porous  medium  properties,  it  is  also  dependent  on  the  gas.  Thus, 
the  Carman  and  Arnell  model,  aitliough  applicable  under  certain 


circumstances,  tails  in  this  case  also. 
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Figure  14  Permeability  Versus  Mean  Molecular  Speed,  from 
Barrer  and  Strachan*s  Data  [11] 


As  a  test  the  aewly~p reposed  experimental  correlation 
given  In  Equation  ^5.2),  a  plot  of  the  product  of  the  mean  free 
paths  and  the  peiraeabilities  versus  the  molecular  weights  ot  the 
gases  is  shown  in  Figure  15.  The  mean  free  paths  chosen  in  this 
case  are  those  at  atmospheric  pressure  and  298*K.  The  choice  of 
the  atmospheric  pressure  instead  of  the  actual  inlet  pressure  (not 
knov/n)  has  the  sole  efiect  of  altering  the  value  of  A^,  leaving  a 
unchanged  On  the  basis  of  this  correlation,  all  the  experimental 
points  are  predictable  with  an  accuracy  higher  than  12%.  Since  the 
gases  involved  in  Barter  and  Strachan's  experiments  possess 
diverse  physical  properties,  the  success  of  the  present  correlation 
implies  that  the  important  gas  and  porous  medium  parameters  have 
been  distinguished  from  each  other  in  Equation  (5.2),  and  that 
this  equation  adequately  expresses  the  effect  of  gas  properties  cn 
the  permeability  ct  fine-pored  carbons. 


CHAPTER  VI 


SUMMARY  AND  CONCLUSION 


6.1  Summary 

An  experimental  investigation  of  the  permeability  of  two 
fuel  cell  grade  fine-pored  carbons  with  four  gases  of  diverse 
physical  properties  has  been  presented  in  the  previous  chapters. 

The  determination  of  the  effect  of  gas  properties  on  the 
permeability,  which  was  the  objective  of  this  research  effort,  was 
discussed  in  Chapter  V.  The  examination  of  two  existing  mathematical 
models  regarding  gaseous  flow  through  porous  media  indicated  the 
inadequacy  of  these  models  in  predicting  the  effect  of  gas  properties 
on  the  permeability.  A  new  experimental  correlation  which  was  mainly 
based  cn  physical  and  intuitive  considerations  was  presented  This 
correlation  could  predict  permeabilities  as  a  function  of  the  gas 
properties  within  7%  of  their  true  value,  except  in  the  case  of  the 
flow  of  sulfur  hexafluoride  in  the  finer-pored  carbon  (FC-01) . 
Phy.ical  adsorption  of  the  gas  molecules  to  the  walls  of  the  pores 
was  presented  as  a  plausible  cause  of  the  behavior  of  gases  in  FC-Oi. 
Finally,  the  correlation  was  successfully  applied  to  a  set  of 
experimental  results  obtained  by  other  investigators. 

6 . 2  Conclusion 

In  the  study  of  the  permeabilities  of  the  FC-01  and  FC-25 
carbons  with  helium,  nitrogen,  argon  and  sulfur  hexafluoride, 


It  was  found  that : 
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1.  Mean  pressure  alone  does  not  uniquely  define  the 
permeability.  Inlet  pressure  Is  also  a  variable. 

2.  Temperature  gradient  Itself  does  not  affect  the 
permeability  In  these  carbons.  The  decrease  In  the 
permeability  when  a  temperature  gradient  Is  present  Is 
totally  attributed  to  th<^  mean  temperature  variations. 

3c  In  the  application  of  Carman  and  Arnell's  model,  the 
parameters  and  K^,  given  in  Equations  (2.4), 
were  dependent  on  the  gas  properties.  The  nature  of  this 
dependence  is  not  known. 

4.  The  value  of  N  In  Somerville's  model  has  some  dependence 
on  the  particular  gas  used.  Due  to  the  complexity  of 
this  dependence,  attempts  at  correlating  M  with  the 
important  gas  parameters  were  not  successful. 

5.  A  new  experimental  correlation,  given  by  Equation  (5.2), 
adequately  elucidates  the  effect  of  gas  properties  on 
the  permeability. 

6.  The  new  correlation  tends  to  Indicate  that  physical 
adsorption  may  be  a  significant  phenomenon  which 
affects  the  permeability  in  the  finer-pored  sample, 

6.3  Recommendations  for  Additional  Work 

The  flow  of  gases  with  a  wide  range  of  physical  properties 
through  a  given  porous  sample  cannot  only  lead  to  a  good  understanding 
of  the  important  gas  parameters  Involved,  but  also  point  out  the 
nature  of  the  dependence  of  the  permeability  on  the  porous  sample 
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Itself.  Additional  experimental  and  theoretical  work  In  this  area 
would  be  c£  value. 

A  knowledge  of  the  gas-porous  medium  system  under  transient 
flow  conditions  would  also  be  of  significant  value  In  some  engineering 
applications. 

Finally,  a  study  of  the  occurrence  of  physical  adsorption 
and  Ics  effect  on  the  permeability  could  elucidate  some  of  the 
phenomena  which  occur  In  the  flow  of  gases  through  fine-pored  media. 
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APPENDIX 


EXP.ERIMENTAL  DATA 


All  the  experiments  were  performed  with  an  Inlet  pressure  of 
30  in.  Hg  absolute.  All  other  flow  parameters  may  be  determined  with 
the  aid  of  the  following  tabular  data. 


Gas:  Helium 

Porous  Carbon:  FC-01 

dT/dx  -  0 

T  -  298®K 
m 


m  X  10^ 

Ap 

(gm/mln) 

(In.  Hg) 

44.3 

27.5 

40.2 

24.1 

34.5 

20.9 

29.5 

16.2 

20.5 

11.4 

12.6 

7.3 

10.3 

5.9 

6.89 

4.0 

6.24 

3.6 

25,4 

13.6 

Gas:  Helium 

Porous  Carbon:  FC-23 

dT/dx  -  0 

T  -  298"K 
m 


m  X  10^ 

Ap 

(gm/mln) 

(In.  Hg) 

128. 

25.2 

115. 

22.2 

108. 

20.1 

98.5 

17.8 

85.3 

15.0 

68.9 

11.7 

47.6 

7.8 

36.1 

5.8 

18.1 

2.7 

15.9 

2.5 

12.8 

2.0 

5.74 

1.0 

Gas:  Helium 
Porous  Carbon:  FC-01 
dT/dx  “  55®K/cm 

T  - 

m 


m  X  10^ 

Ap 

(gm/mln) 

(In.  Hg) 

3.61 

27.7 

3.36 

24.6 

2.95 

21.5 

2.54 

17.1 

2.05 

14.3 

1.48 

10.2 

1.07 

7.2 

Gas:  Helium 

Porous  Carbon;  FC-25 

dT/dx  -  38®K/cm 

T  -  394®K 
m 

m  x  10^ 

(gm/mln) 

91.9 

83.7 

73.9 
64.0 

50.9 

27.9 
20.5 
9,03 
7.06 

37.7 
40.2 


Gas:  Helium 

Porous  Carbon:  FC-01 

dT/dx  »  -58*K/cm 

T  -  415®K 
m 


.  .  a4 

m  X  10 

Ap 

(gm/mln) 

(in.  Hg) 

37.7 

27.7 

32.8 

23.7 

27.9 

19.8 

21.3 

15c2 

12.3 

8,8 

4.92 

3.4 

16.4 

11.9 

8.21 

6.0 

Gas:  Helium 

Porous  Carbon:  FC-25 

dT/dx  -  -4l"K/cm 

T  -  395 
m 


m  X  10^ 

Ap 

(gm/mln) 

(in.  Hg) 

92.'/ 

26.1 

82.9 

23.3 

72.2 

19.5 

57.4 

15.3 

45.1 

11-6 

36.1 

9,4 

27.9 

6.7 

14.1 

3.4 

9.36 

2.2 

4.92 

1.3 

Ap 

(In.  Hg) 

25.9 
22.6 

19.6 

16.7 

12.9 
6.4 

4.7 
2.1 

1.7 
9.2 
9.9 
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Gas:  Nitrogen 

Gas:  Nitrogen 

Gas:  Nitrogen 

Porous  Carbon:  FC-01 

Porous  Carbon 

:  FC-01 

Porous  Carbon:  FC-01 

dT/dx  -  0 

dT/dx  -  84'K/cm 

dT/dx  -  -79®K/cm 

T  -  298*X 

T  -  433®K 

T  -  428‘'K 

m 

m 

m 

A  X  10^ 

Ap 

m  X  10^ 

Ap 

,  2 

m  X  10  Ap 

(gm/min) 

(in.  Hg) 

(gm/mln)  (in.  Hg) 

(gm/min)  (in.  Hg) 

18.4 

24.2 

15.3 

28.0 

1.44  27.0 

16.7 

21.8 

14.4 

26.0 

1.44  26.8 

13.8 

18.3 

12.4 

22.1 

1.25  22.9 

12.6 

17.0 

9.88 

18.2 

1.01  18.9 

12.1 

16.4 

4.60 

12.2 

9.19 

13.8 

5.74 

13.2 

20.4 

27.6 

4.25 

11.4 

20.9 

27.7 

2.87 

9.8 

15.2 

19.8 

5.97 

13.6 

llc5 

15.6 

7.24 

15.0 

7.81 

11.2 

4.60 

8.4 

Gas:  Nitrogen 

Gas:  Nitrogen 

Gas:  Nitrogen 

Porous  Carbon: 

!  FC-25 

Porous  Carbon:  FC-25 

Porous  Carbon:  FC-25 

dT/dx  -  0 

dT/dx  -  34®K/cm 

dT/dx  •  -51®K/cm 

T  -  298®K 

T  -  391*K 

T  -  403®K 

m 

m 

m 

m  X  id^ 

Ap 

ih  X  10^  Ap 

m  X  10^  Ap 

(gm/min)  (In.  Hg) 

(gm/min)  (in.  Hg) 

(gm/min>  (in.  Hg) 

5.23 

22.0 

3.76  26.1 

3.79  26,3 

4.94 

21.4 

3.45  22.2 

3.53  22.3 

4.71 

19.9 

3.22  19.5 

3.17  19.2 

4. 48 

18.2 

2.85  16.7 

2.64  14.9 

4.02 

16.6 

2.70  15.8 

2.16  11.6 

3.56 

14.0 

2.37  12.9 

1.70  91 

3.04 

12.0 

1.59  8.35 

1.10  6,2 

2.18 

8.2 

1.34  5.75 

1.40 

4.8 

2.01  10.1 

5e51 

25.0 

4.37 

17.5 

3.99 

16.0 
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Gas :  Argon 

Porous  Carbon:  FC-01 

dT/dx  -  0 

T  ■  298 'K 
m 


m  X  10^ 

Ap 

(gm/min) 

(in.  Hg) 

16.4 

28.1 

15.4 

26.0 

13.6 

23.2 

11.5 

19.2 

10.0 

16.7 

7.39 

11.8 

4.60 

7.7 

5.09 

8.4 

12.5 

21.0 

Gas:  Argon 

Porous  Carbon;  FC-25 

dT/dx  »  0 

T  «  298'K 
m 


m  X  10^ 

Ap 

(gm/mln) 

(In.  Hg) 

53.7 

25.6 

44.3 

19.1 

40.2 

16.6 

32.8 

13.1 

21.0 

7.5 

5.91 

2.1 

16.4 

6.1 

9.36 

3.3 

26.8 

10.0 

31.2 

12.2 

36.9 

15.0 

49.2 

21.8 

Gas:  Argon 

Porous  Carbon:  FC-01 

dT/dx  -  82‘‘K/cm 

T  -  421®K 
m 


m  X  10^ 

Ap 

(gm/min) 

(in.  Hg) 

13.1 

28.3 

12.0 

24.9 

9.85 

20.7 

5.74 

11.7 

5.25 

10.6 

4.92 

9.9 

7.55 

15.4 

Gas:  Argon 

Porous  (Carbon:  FC-25 

dT/dx  -  50 

T  -  401®K 
m 


m  X  10^ 

Ap 

(gm/min) 

(in.  Hg) 

36.9 

26.3 

35.3 

24.3 

30.4 

18.9 

25.4 

14.2 

15.6 

8.6 

7,39 

3.8 

22.2 

12.2 

Gas:  Argon 

Porous  Carbon;  FC-01 


dT/dx  -  - 

'c'»5®K/cm 

T  -  427® 
m 

K 

m  X  10 

Ap 

(gm/min) 

(in.  Hg 

13.1 

28.3 

11.8 

25.2 

10.2 

22.1 

6.07 

12.8 

4.92 

10.4 

9.06 

19.9 

Gas:  Argon 

Porous  Carbon:  FC-25 

dT/dx  -  -^l®K/cm 

T  -  397*K 
m 


in  X  10^ 

Ap 

(gm/min) 

(in.  Hg) 

36.6 

26  3 

31.5 

21.7 

28.7 

18,6 

23c0 

13.4 

16.1 

9.2 

7.71 

4,2 
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Gas:  Sulfur  Hexafluoride 
Porous  Carbon:  FC-01 
dT/dx  -  0 


T  -  ags'K 

m 

m  X  10^ 

Ap 

(gm/mln) 

(in.  Hg) 

4.19 

28.1 

3.89 

26.2 

3.71 

24.6 

3.44 

22.8 

2.70 

15.4 

Gas:  Sulfur  Hexafluoride 

Porous  Carbon:  FC-25 

dT/dx  -  0 

T  -  298®K 
m 


m  X  10^ 

Ap 

(gffi/min) 

(In.  Hg) 

20.5 

22.9 

18.2 

18.4 

16.4 

16.0 

14.5 

13.5 

10.7 

9,2 

7.01 

5.9 

4.25 

3.2 

12.6 

11.0 

19.2 

19.9 

7.97 

6.9 

